3/2 ground state was measured to be 67.063 ± 0.015 eV, which is 0.207 eV lower than the value tabulated in the NIST database. Most of the observed resonances associated with multiple Rydberg series of autoionizing states have been assigned spectroscopically using the quantum defect form of the Rydberg formula, guided by relativistic Hartree-Fock calculations of resonance energies and oscillator strengths. Intermediate coupling R-matrix calculations performed using the semi-relativistic Breit-Pauli approximation are in suitable agreement with measured absolute photoionization cross section in the energy range studied for this complex Cl-like ion species.
metastable-state Ca 3+ ions over the photon energy range 65.7-104.6 eV by merging an ion beam with a beam of monochromatized synchrotron radiation. The ionization threshold energy of the 2 P o 3/2 ground state was measured to be 67.063 ± 0.015 eV, which is 0.207 eV lower than the value tabulated in the NIST database. Most of the observed resonances associated with multiple Rydberg series of autoionizing states have been assigned spectroscopically using the quantum defect form of the Rydberg formula, guided by relativistic Hartree-Fock calculations of resonance energies and oscillator strengths. Intermediate coupling R-matrix calculations performed using the semi-relativistic Breit-Pauli approximation are in suitable agreement with measured absolute photoionization cross section in the energy range studied for this complex Cl-like ion species. 
I. INTRODUCTION
Photoionization of atomic ions and molecules using synchrotron radiation provides a probe of fundamental atomic interactions at an unprecedented level of precision [1] . Since most of the matter in the universe exists in ionic form and much of the information about the universe is carried by photons, the photoionization of ions is important in astrophysics [2] . The process plays a key role in high-temperature plasma environments such as those occurring in the stars and nebulae [3] as well as those in controlled thermonuclear fusion devices [4] .
Systematic studies along isoelectronic sequences are useful in characterizing electron-electron interactions and in making predictions for other members of the sequence. Strong electron-electron interactions introduce complexity to the electronic structure of the chlorine isoelectronic sequence, and to date few experimental studies of photoionization of ions of the sequence have been reported. Kimura et al. [5] recorded He I photoelectron spectra for atomic chlorine. Ruscic and Berkowitz [6] reported a photoion-yield measurement for atomic chlorine from the ionization threshold to 750Å using synchrotron radiation. They observed three Rydberg series due to 3p → ns and 3p → nd excitations converging to the 1 D 2 and 1 S 0 states of Cl + . Their interpretation of these * Current address: Department of Physics, The Hashemite University, Zarka, Jordan. measurements was revised by Hansen et al. [7] . Van der Meulin et al. [8] performed angle-resolved photoelectron spectroscopy of atomic chlorine using synchrotron radiation to study the 3s3p 5 [9] reported 3s and 3p subshell photoionization spectra of chlorine atoms using highresolution photoelectron-spectrometry. A preliminary report was made by Covington et al. [10] of absolute photoionization cross-section measurements for Cl-like Argon (Ar + ) ions based on the merged-beams technique (with synchrotron radiation). They assigned 17 Rydberg series due to 3p → ns and 3p → nd excitations converging to the 1 D 2 and 1 S 0 states of Ar 2+ . Theoretically, photoionization of atomic chlorine has been studied extensively over the last few decades using a variety of approximations that include R-matrix or K-matrix calculations performed by several groups [11] [12] [13] [14] . Photoionization crosssection calculations for atomic chlorine were also performed using the configuration-interaction (CI) method [15] , manybody-perturbation theory (MBPT) [16] , open-shell transition matrix [17] , and an effective single particle potential [18] . We note that the 3p photoionization cross section of Cl-like Potassium (K 2+ ) has been calculated using R-matrix theory [19] In the present paper, absolute cross-section measurements for single photoionization of Ca 3+ are presented in the energy range 65.7-106.6 eV. Most of the observed resonances are assigned spectroscopically using the quantum defect theory, guided by relativistic Hartree-Fock calculations of the energies and oscillator strengths of autoionizing transitions that are expected to contribute to photoionization. As part of this investigation the measurements are compared with theoretical calculations performed in intermediate coupling using the semi-relativistic Breit-Pauli R-matrix approximation for the photoionization cross section. Corresponding photoionization measurements and calculations for Cl-like K 2+ have been performed and are being prepared for publication.
II. EXPERIMENT
Absolute photoionization measurements were performed using the ion-photon merged-beams end station located at undulator beamline 10.0.1 of the Advanced Light Source. Figure 1 shows a schematic drawing of the experimental setup. A detailed description of this apparatus and measurement technique has been reported by Covington et al. [20] . Calcium evaporated from an oven was multiply ionized in a 10-GHz permanent-magnet electron-cyclotron-resonance ion source. Ions were accelerated by a potential difference of 6 kV, focused by a series of cylindrical einzel lenses and magnetically analyzed according to their momentum per charge. A beam of 40 Ca 3+ ions was selected, collimated and directed to a 90
• electrostatic deflector which merged it onto the axis of the photon beam. The latter was produced by an undulator and monochromatized by a grazing-incidence spherical-grating monochromator. A cylindrical einzel lens focused the primary beam in the center of the interaction region of length 29.4 cm, to which an electrical potential of +2 kV was applied to energy-label Ca 4+ product ions produced therein. Twodimensional spatial profiles of the merged ion and photon beams were recorded by three translating-slit scanners located near the beginning, middle and end points of the interaction region and used to quantify the spatial overlap of the beams.
Product Ca 4+ ions were separated from the primary Ca
3+
beam by a 45
• demerger magnet. The primary ion beam was collected in an extended Faraday cup, while a spherical 90
• electrostatic deflector whose dispersion plane is perpendicular to that of the demerger magnet directed the product ions onto to a single-particle detector. Photoion-yield spectra were obtained by counting Ca 4+ product ions and recording the primary ion and photon beam currents as the photon beam energy was scanned in small steps. The photon flux was measured by a calibrated silicon x-ray photodiode.
Absolute photoionization cross-section measurements were performed at a number of discrete photon energies where resonant features were absent in the photoion-yield spectra. These measurements were then used to place the normalized photoion-yield spectra onto an absolute cross-section scale. The total absolute uncertainty of the photoionization crosssection measurements is estimated to be ±22%.
The photon energy scale was calibrated in a separate experiment using a gas cell to measure krypton (3d [21] , and the helium (E 2 and E 3 ) resonance energies of the n = 2 double excitation Rydberg series at 60.147 ± 0.004 eV and 63.658 ± 0.004 eV [22] . The resulting uncertainty in the photon energy scale for the current measurements is estimated to be ±0.015 eV.
III. THEORY

A. R-matrix calculations
To assist the experimental endeavor, R-matrix [23] product ion was limited to n = 4 in constructing the multiconfiguration-interaction wave functions used in this work. The Breit-Pauli approximation was used to calculate the 58 J π energies of the Ca 4+ ion arising from the above 30 LSπ states and all the subsequent Ca 3+ PI cross sections. A minor shift (less than a few %) of the theoretical energies of the Ca 4+ product ion was made in order to be in agreement with very accurate relativistic Hartree-Fock calculation [27] that are within 1% of the available experimental thresholds from the NIST tabulation (many of which are unobserved 1/2 metastable states the outer region electron-ion collision problem was solved (in the resonance region below and between all the thresholds) using an energy mesh of 5×10 −8 Ry (∼0.68 µeV) to fully resolve all the fine resonance structure in the appropriate PI cross sections. The theoretical PI cross sections were statistically averaged and convoluted with a Gaussian of the same full-width at half-maximum (FWHM) as that of experiment (55 meV) to enable a direct comparison to be made with the measurements.
B. Hartree-Fock calculations
The Hartree-Fock approximation [28] assumes that each electron in the atom moves independently in the nuclear Coulomb field and the average field of the other electrons and so the N-electron wave function is just the product of N one-electron spatial wave functions. As a guide in the assignment of resonant features in the measurements, the Cowan atomic structure code [29] , which is based on the relativistic Hartree-Fock (HFR) approximation, was used to calculate the energies and strengths of excitations contributing to the photoionization cross section for Ca 3+ . The Cowan code is based on LS coupling and accounts for configuration interactions.
In the calculation of all transitions, 3s 2 3p 5 was selected as the initial configuration. The final configurations selected were 3s 2 3p 4 ns (8 n 20) for 3p → ns transitions, 3s 2 3p 4 nd (7 n 20) for 3p → nd transitions and 3s3p 5 np (4 n 10) for 3s → np transitions. To determine the contributions of these transitions to the ionization measurements, the decay rates of the final states were calculated and compared to the inverse of the ion flight times in the experiment.
C. Comparisons with experiment
In order to compare the results of the R-matrix calculations with the experimental data, a statistically weighted sum of calculated cross sections from the ground state and the metastable state was convoluted with a Gaussian function that simulates the experimental photon energy distribution. To compare with the broad energy-scan measurements, a Gaussian function of 55 meV FWHM was used. The calculated ground-state cross section was multiplied by 2/3 and the metastable-state cross section by 1/3 and the two weighted cross sections were added together. Of the four series indicated in Fig. 4 ) (filled squares) are not separated enough to be resolved from each other. Their lower n members (n = 10 and n = 11) are distinct from the other Rydberg series but for higher n they are not resolved as distinct features. The corresponding series originating from the ground state (open triangles and open squares) are also not separated enough to be resolved from each other and only their lower n member (n = 11) is resolved as a distinct feature. The third series is attributed to 3p → nd transitions from the metastable state to 3s 2 3p 4 ( 1 D)nd( 2 S) (filled inverted triangles). The first two members of this series (n = 10 and n = 11) are resolved from other series. For the corresponding series originating from the ground state (open inverted triangles), only the first member (n = 11) is resolved as a distinct feature. The final state for the fourth series originating from the metastable state is believed to be 3s 2 3p 4 ( 1 D)ns( 2 D) (filled diamonds). Only the first member of that series (n = 11) is distinct and resolved from other series. Similarly, for the corresponding series originating from the ground state, only the first member (n = 11) is a distinct feature. Tables I and II by the principal quantum number n of the final state, energy position, and quantum defect parameter δ. The quantum defects are based on R Y = 13.6053 eV, the nuclear charge of Ca 3+ (Z = 20) and the series limit based on the value of the ionization threshold obtained from this experiment (E ∞ = 67.063 eV).
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. Ionization threshold
C. Inner-shell 3s → np transitions
Identified in Fig. 5 ionization threshold obtained from this experiment (E ∞ = 67.063 eV). For most of these series, the first eight members (n = 4 to n = 11) are resolved. The measured resonances of these series are plotted versus the principal quantum number, n, as shown in Fig. 6 and fitted to the quantum defect form of the Rydberg formula [31] with the mean quantum defect parameter (δ) and the series limit E ∞ as free parameters, while the Rydberg constant (R Y ), nuclear charge (Z), and the number of core electrons (N c ) are fixed parameters. The fitted mean quantum defects δ fit and series limits E fit ∞ for each series along with the series limits based on the ionization threshold obtained from the present experiment E expt ∞ and the series limit based on the tabulated ionization threshold E tab ∞ [30] are shown in Table IV. A comparison of the fitted series limits with the other two series limits provides additional evidence for the ground-state ionization threshold to be 67.063 eV.
An interesting question concerns the oscillator strengths of the assignment of 3s3p 5 Table V by their principal quantum numbers n, resonance energies, and quantum defect parameters δ.
The measured resonances of these series are plotted versus the principal quantum number in Fig. 7 and fitted to the quantum defect form of the Rydberg formula with the mean quantum defect parameter δ and the series limit E ∞ as free parameters. The Rydberg constant R Y , nuclear charge Z, and the number of core electrons N c are fixed parameters. The fitted mean quantum defect δ fit and the generated series limit E fit ∞ for each series along with the series limits based on ionization threshold obtained from the experiment E expt ∞ and the tabulated ionization threshold E tab ∞ [30] are shown in Table VI . The comparison of the fitted series limits with the other two series limits based on the tabulated ionization threshold and the ionization threshold obtained from this experiment provides additional evidence that the ground-state ionization threshold is 67.063 eV.
V. COMPARISON BETWEEN ABSOLUTE CROSS-SECTION MEASUREMENTS AND THEORY
The absolute cross-section measurements taken at a photon energy resolution of 55 meV are compared in Fig. 8 with the was measured in the photon energy range 65.7-104.6 eV at a resolution of 55 meV using merged beams and synchrotron radiation. The cross section is rich in resonance structure due to indirect photoionization. Guided by Hartree-Fock atomic-structure calculations, the main features have been spectroscopically assigned to Rydberg series using a quantum-defect analysis. From additional measurements performed at higher resolution, the ground-state ionization threshold was determined to be 67.063 ± 0.015 eV, which is 0.207 eV lower than the value tabulated in NIST database. Overall, the measurements are in suitable agreement with theoretical results obtained from a Breit-Pauli R-matrix calculation performed in intermediate coupling. Minor discrepancies between theory and experiment in the spectra of this complex Cl-like ion are attributed to limitations of the n = 4 basis set used in the calculations.
